The aims of this study were to investigate the relationship between optimal anthropometric indices and their cut-off values and the incidence of hypertension in a cohort of middle-aged women in China.
Background
Worldwide, including in China, the increasing prevalence of hypertension is becoming a significant public health problem, resulting in high morbidity and mortality [1] . Therefore, primary prevention of hypertension is important. The concept of pre-hypertension was first proposed in 2003, in the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (the JNC 7 report) [2] . Although the 2017 American College of Cardiology and American Heart Association (ACC/AHA) guidelines on the prevention, diagnosis, and management of hypertension in adults has proposed new definition of high blood pressure, there is still some controversy regarding the applicability of the recent ACC/AHA clinical criteria for the Chinese population [3] . Of relevance to the present study, mildly elevated blood pressure or Stage 1 hypertension in the 2017 ACC/AHA guidelines, which recommend non-pharmacological therapy, was chosen as a group in the present study, termed the 'pre-hypertensive group' (Group 2) [3] .
Among the independent risk factors for progression from normal or ideal blood pressure to hypertension, obesity is an important factor that is increasing globally, especially in China [4] [5] [6] [7] [8] [9] . Anthropometric indices of obesity are recognized to be associated the development of hypertension, and various anthropometric measurements that reflect overweight and obesity include waist circumference (WC), body mass index (BMI), waist-hip ratio (WHR), and waist-height ratio (WHtR), although which of these indices best predicts the development of hypertension remains controversial [10] [11] [12] [13] . Recent studies have shown that anthropometric indices of increased weight and obesity are associated with the incidence of hypertension in pre-hypertensive populations [14] [15] [16] . However, few studies have focused on whether these indices have different effects in pre-hypertensive populations, compared with those an ideal or normal blood pressure.
The aims of this prospective cohort study were to investigate the relationship between anthropometric indices and their optimal cut-off values and the incidence of hypertension in a cohort of middle-aged (between 40-70 years) Chinese women. The anthropometric indices chosen included WC, BMI, WHR, and WHtR and the use of receiver-operating characteristic (ROC) curve analysis to demonstrate the optimal cut-off value and reveal the best indices for predicting the development of hypertension during a two-year follow-up period. To the best of our knowledge, this was the first prospective cohort study to use ROC curve analysis to determine optimal cut-off values of anthropometric indices in middle-aged pre-hypertensive Chinese women.
Material and Methods

Study cohort and groups
This study was a population-based prospective cohort study that recruited 812 urban female residents in Tianjin, China, aged between 40-70 years who were not hypertensive. Cluster stratification sampling was used to recruit subjects in six districts of Tianjin between May 2011 and June 2013. The study exclusion criteria included high blood pressure (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg), women who were being treated with anti-hypertensive drugs, who were in renal failure, or who had severe hepatic insufficiency, cancer, cerebrovascular disease, tuberculosis, autoimmune disease, systemic infections, any woman who was unable to cooperate in the study, or any woman with heart failure according to the New York Heart Association (NYHA) Class III-IV.
The study cohort was divided into two groups. Group 1 had a baseline ideal, or normal, blood pressure. Group 2, or the 'prehypertensive group' were equivalent to the mildly elevated blood pressure or Stage 1 hypertension classification used in the 2017 American College of Cardiology and American Heart Association (ACC/AHA) guidelines, which recommend nonpharmacological therapy in these cases [3] .
After receiving complete information about the aims and methods of the study, all participants gave written informed consent for the examinations and follow-up. The demographic and medical history of the women in the study cohort were obtained using a structured questionnaire, which included sex, age, smoking history, and family history of hypertension. Between May 2013 and June 2015, the data of all the subjects were measured again, excluding those who were lost during the two-year follow-up. The final sample size of the study cohort comprised 719 women for analysis.
Blood pressure measurement
The blood pressure measurements were taken on the right arm after a 15-minute rest and between the hours of 8 a.m. to 9 a.m., using a calibrated mercury sphygmomanometer by trained health workers. The appearance of Korotkoff sounds (phase 1) was the criterion for measurement of the systolic blood pressure (SBP), and the disappearance of the Korotkoff sounds (phase 5) was the criterion for the measurement of diastolic blood pressure (DBP). Blood pressure measurements were taken in triplicate at two-minute intervals, and the average value was used to record the SBP and DBP. None of the subjects had tea, coffee, alcohol, or smoked cigarettes during the 30 minutes before the blood pressure measurements.
An ideal, or normal, blood pressure was defined as a baseline SBP <120 mmHg and DBP <80 mmHg; pre-hypertension was defined as a baseline SBP of 120-139 mmHg, or a DBP of 80-89 mmHg, or both; hypertension at follow-up was defined as a SBP ≥140 mmHg or a DBP ≥90 mmHg, or both, or as hypertension diagnosed at other hospitals during the twoyear follow-up [2] .
Anthropometric indices
Trained health workers took anthropometric measurements. Height was measured to the nearest cm without the woman wearing shoes. Weight was measured to the nearest kg without heavy clothes. Each woman's waist circumference (WC) was defined as the midpoint between the lower rib and upper margin of the iliac crest and measured using a tape measure with an insertion buckle at one end. Hip circumstance (HC) was measured at the level of the maximal gluteal protrusion. The WC and HC were measured to the nearest cm. The body mass index (BMI) was calculated by dividing weight in kg by the height in meters 2 (kg/m 2 ). The waist-hip ratio (WHR) was calculated as the WC/HC. The waist-height ratio (WHtR) was calculated as the WC/height [17] . Measurements of BMI, WC, WHR, and WHtR were divided into quartiles to determine whether these indices were associated with the incidence of hypertension.
Biochemical indices
Fasting blood glucose (FBG), total cholesterol (TC), triglyceride (TG), high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), serum creatinine (Cr), uric acid (UA), and high sensitivity C-reactive protein (hs-CRP) were measured after 12 hours of overnight fasting. Postprandial blood glucose (PBG) was measured after drinking 250 mL of water mixed with 75 g dextrose anhydrate. All the biochemical indices were measured from venous blood samples using a Roche C8000 Automated Analyzer at the Laboratory Center of the General Hospital of Tianjin Medical University. All quality control indices of the laboratory analysis met the requirements of the professional laboratories of the Tianjin Medical University General Hospital in strict accordance with laboratory protocols.
Statistical analysis
All statistical analyses were performed using SPSS version 21 (SPSS Inc., Chicago, IL, USA). Continuous variables were presented as the mean ± standard deviation (SD), and categorical variables were presented as percentages. A t-test was used to compare continuous variables between subjects with ideal, or normal, blood pressure and pre-hypertension subjects, and the chi-squared (c 2 ) test was used for categorical data. The contribution of anthropometric indices to the development of hypertension was evaluated using binary logistic analysis. Receiver-operating characteristic (ROC) curve analysis and the area under the curve (AUC) determined the optimal anthropometric indices and cut-off values for developing hypertension. Optimal cut-off values for the anthropometric measurements were determined using Youden's index. P<0.05 was considered as statistically significant.
Results
Of the 719 women in the study cohort, 47.8% (n=344) were in Group 1, with an ideal, or normal, blood pressure, and 52.2% (n=375) were in Group 2, the pre-hypertension group. Table 1 shows the clinical and anthropometric characteristics of the study population.
At baseline, when the women were initially recruited into the study cohort, the mean age, waist circumference (WC), body mass index (BMI), waist-hip ratio (WHR), and waist-height ratio (WHtR), fasting blood glucose (FBG), postprandial blood glucose (PBG), total cholesterol (TC), triglyceride (TG), low-density lipoprotein-cholesterol (LDL-C), and uric acid (UA) were significantly greater in Group 2 compared with Group 1, while high-density lipoprotein-cholesterol (HDL-C) was significantly greater in Group 1 (P<0.05). The smoking history and family history of hypertension showed no significant differences between the two groups.
During the two-year follow-up period, 9.0% (n=31) in Group 1, and 32.3% (n=121) in Group 2 developed hypertension. The incidence of hypertension in Group 2 was significantly greater compared with Group 1 (c 2 =58.2; P<0.001). Also, there was a significant trend of an increased incidence of hypertension with an increase in WC, BMI, WHR, and WHtR (P<0.05) in both Group 1 and Group 2 ( Figure 1 ). Table 2 shows the association between the anthropometric indices and the incidence of hypertension. Univariate logistic regression analysis indicated that women in both groups in the highest quartile of WC, BMI, WHR, and WHtR had the greatest risk of developing hypertension compared with women in the lowest quartile. Even after adjusting for age, UA, FBG, PBG, LDL-C family history, and smoking history, these anthropometric indices remained statistically significant. However, there was no statistically significant difference in anthropometric indices between quartiles 2 and 3, compared with quartile 1.
To determine the most effective anthropometric indices in predicting the incidence of developing hypertension, analysis of the receiver-operating characteristic (ROC) curve and the area under the curve (AUC) for these anthropometric indices in relation to the incidence of hypertension were calculated ( Figure 2 ).
As shown in Table 3 , WC has the highest AUC among the four indices (WC, BMI, WHR, and WHtR) in both groups. Compared with Group 2, the AUC of all the four indices were higher in Group 1. Also, the optimal cut-off points of the anthropometric indices for predicting hypertension were calculated using Youden's index (Table 3) , which showed that the cut-off points for WC, BMI, WHR, and WHtR were higher in Group 2 than in Group 1. Youden's index for WHtR appeared to be the highest in Group 1 and WC in Group 2 among the measured obesity anthropometric indices.
Discussion
In this cohort study of 812 middle-aged women in China, aged between 40-70 years, women were divided into an ideal, or normal, blood pressure group (Group 1) and a pre-hypertensive group (Group 2) on recruitment. The aims of the study were to determine whether anthropometric measurements, including waist circumference (WC), body mass index (BMI), waisthip ratio (WHR), and waist-height ratio (WHtR) were predictive for the development of hypertension. The findings were that after two-year follow-up, the receiver-operating characteristic (ROC) curve and the area under the curve (AUC) analysis showed that WC had the highest AUC among the four Group 1, ideal blood pressure group; Group 2, pre-hypertensive group. WC -waist circumference; BMI -body mass index; WHR -waist-hip ratio; WHtR -waist-height ratio; FBG -fasting blood glucose; PBG -postprandial blood glucose; TC -total cholesterol; TG -triglyceride; HDL-C -high-density lipoprotein cholesterol; LDL -low-density lipoprotein cholesterol; Scr -serum creatinine; UA -uric acid; hs-CRP -high sensitivity C-reactive protein.
indices (WC, BMI, WHR, and WHtR), in both groups, but compared with Group 2, the AUC of all the four indices were higher in Group 1, and the optimal cut-off points of the anthropometric indices for predicting hypertension were all higher in Group 2 than in Group 1, and that WHtR had the highest index in Group 1 and WC had the highest index Group 2. The findings of this study showed that, in a cohort of middle-aged Chinese women, anthropometric indices were different in their ability to predicting hypertension in pre-hypertensive women compared with women with an ideal, or normal, initial blood pressure. These findings may have implications for the prevention of hypertension in this population.
Obesity is a major risk factor for hypertension that can be effectively controlled through exercise and diet, and control of obesity is recognized to have an important role in primary prevention of hypertension. The mechanism of the association between obesity and hypertension might be explained by the increase in leptin in obesity, the decrease in adiponectin, and in the development of insulin resistance [18] [19] [20] [21] . This study used some of the main anthropometric assessment methods for obesity, including WC, BMI, WHR, and WHtR. However, there remains some controversy as to which is the best of the anthropometric and other indices for predicting the development of hypertension.
Several previously published studies have supported the finding that WC is the best predictor for the development of hypertension [12] [13] [14] 22] . However, other studies have suggested that WHR or WHtR are the best predictors [23] [24] [25] [26] . In the present study, WC appeared to be a better predictor than BMI, WHR, or WHtR in women who began the study with an ideal or normal blood pressure (wider AUC), a finding that is supported by the previously published study by Panagiotakos et al. [14] . Although WC is not an index adjusted by hip size or height, it does reflect the condition of visceral obesity, which is closely related to the incidence of hypertension [27] . Also, because of the simplicity in obtaining this measurement directly, without any calculations, WC can be widely used to predict the development of hypertension.
The cut-off points for obesity indices are also controversial. Table 2 . Odd ratio and 95% confidence interval for progression to hypertension in both groups.
Group 1, ideal blood pressure group; Group 2, pre-hypertensive group. WC -waist circumference; BMI -body mass index; WHR -waist-hip ratio; WHtR -waist-height ratio; CI -confidence interval; UA -uric acid; FBG -fasting blood glucose; PBG -postprandial blood glucose; LDL-C -low-density lipoprotein cholesterol.
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Organization (WHO) are 25.0-29.9 kg/m 2 as being overweight, and ³30 kg/m 2 for obesity [28] . While in China, the Working Group on Obesity in China (WGOC) recommends >24.0 kg/m 2 as being overweight [29] . The WGOC has also developed WC cut-off points for the general Chinese population, which are 85.0 cm for men and 80.0 cm for women [29] . According to WHO, a WHR >0.9 for men and >0.85 for women is defined as abdominal obesity [30] . The study by Shao et al. [31] , in a Chinese population, applied an optimal WHtR cut-off point of 0.5 for both sexes. Other studies have reported other values for anthropometric cut-off points [11, 32, 33] . Group 2, pre-hypertensive group. ROC -receiver operating characteristic; WC -waist circumference; BMI -body mass index; WHR -waist-hip ratio; WHtR -waist-height ratio. Table 3 . AUC and optimal cut-off points of anthropometric indices in relation to incidence of hypertension in both groups.
Group 1, ideal blood pressure group; Group 2, pre-hypertensive group. WC -waist circumference; BMI -body mass index; WHR -waist-hip ratio; WHtR -waist-height ratio; AUC -area under the receiver operating characteristic curve; CI -confidence interval.
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In the present study, the optimal cut-off points for anthropometric indices in women with an ideal, or normal, blood pressure were 84.5 cm for WC, 25.4 kg/m 2 for BMI, 0.859 for WHR, and 0.516 for WHtR, respectively. These findings are slightly higher than those reported by previously published studies. This difference could be related to the fact that the present study specifically recruited middle-aged women, between 40-70 years, and age group that was higher than in previous studies, which mainly included participants ³18 years. Furthermore, the cut-off point for WHtR appeared to have the highest Youden's index among the four indices in the present study (0.390), which indicated that the optimal cut-off point for WHtR had a better sensitivity and specificity for predicting the development of hypertension in women who initially has an ideal, or normal, blood pressure.
A previously published study by Hu et al. showed that the incidence of hypertension during a six-year follow-up in patients with normal blood pressure (<120/80 mmHg) and pre-hypertension (120-139/80-89 mmHg) was 9.8% and 32.7%, respectively [34] . Similarly, the findings of the present study showed that during the two-year follow-up period, the incidence of hypertension in the ideal blood pressure group (Group 1) and the pre-hypertensive group (Group 2) were 9.0% and 32.3%, respectively. Therefore, these findings have implications for the primary prevention of the development of hypertension in a prehypertensive population and with reduction of the incidence of hypertension in this population of middle-aged women. However, to the best of our knowledge, few studies have investigated the anthropometric indices and the optimal cut-off values in predicting hypertension in pre-hypertensive populations.
Some previously published studies have shown that WC, BMI, WHR, and WHtR were associated with the incidence of hypertension in pre-hypertensive populations [14, 15] . In the present study, logistic regression analysis showed that all the four anthropometric indices studied were associated with the future development of hypertension in pre-hypertensive women during a two-year follow-up period. The findings of the study showed that the AUC for WC, BMI, WHR, and WHtR in pre-hypertensive women (which were 0.615, 0.587, 0.597, and 0.604, respectively) were lower than the AUC in women with a baseline ideal, or normal, blood pressure (which were 0.692, 0.593, 0.671, and 0.682, respectively. These findings indicate that anthropometric indices appear to be better in predicting the development and future incidence of hypertension in subjects with a baseline ideal, or normal, blood pressure. Furthermore, the WC in both the ideal blood pressure group (Group 1) and the pre-hypertensive group (Group 2) was still the better anthropometric indicator for the prediction of the development of hypertension (with a wider AUC). However, comparing the four obesity indices (WC, BMI, WHR, and WHtR) in relation to the population with an initial ideal, or normal, blood pressure, WC performed less well the pre-hypertensive population (Group 2). Also, the findings of the present study showed that the optimal cut-off values for WC (91.5 cm), BMI (26.2 kg/m 2 ), WHR (0.862), and WHtR (0.550) in pre-hypertensive women (Group 2) were higher than those in women with a baseline ideal, or normal, blood pressure (Group 1) with values of WC (84.5 cm), BMI (25.4 kg/m 2 ), WHR (0.859), and WHtR (0.516), and were even higher than in the populations with an initial normal blood pressure in previously published studies. Because of these varied findings, it is likely that different standards might have been used for the definitions or measurements of anthropometric indices, classification of pre-hypertensive individuals, and different age groups, and ethnicities in different studies. However, in the present study, the cut-off values for all four of the anthropometric indices (WC, BMI, WHR, and WHtR) had a lower Youden's index in the pre-hypertensive group (Group 2), which may indicate that the value of cut-off points for the anthropometric obesity indices were likely to be lower in pre-hypertensive women.
This study had several limitations. A cohort study was undertaken in an urban Chinese ethnic population of middle-aged women, aged between 40-70 years, which was a very specific study population. Whether the same conclusions can be applied to other ages, sex, or ethnic groups is unknown. Also, because of financial limitations, the size of the research sample was small, and for future studies, a larger participant sample size would be recommended. This study only used the baseline anthropometric data and did not consider variations in the anthropometric obesity parameters during the two-year follow-up, as recommended in the JNC 7 report [2] . The definition of 'pre-hypertension' in this study was equivalent to that of mildly elevated blood pressure or Stage 1 hypertension in the 2017 American College of Cardiology and American Heart Association (ACC/AHA) guidelines, which recommend nonpharmacological therapy in these cases [3] . Despite these limitations, the findings of this study are meaningful regarding their implications for the prevention of hypertension and the reduction in the incidence of hypertension in women in the age group and population studied.
Conclusions
In a cohort of middle-aged women in China, anthropometric indices of obesity, particularly the measurement of waist circumference (WC), were predictive of the development of hypertension during a two-year follow-up period, and therefore of the incidence of hypertension developing in this population. Although this study specifically included middle-aged Chinese women and had some limitations, the study findings demonstrated the value of anthropometric obesity indices as predictors of the development of hypertension. Also, the optimal cut-off values of anthropometric obesity indices in pre-hypertensive (ACC/AHA Stage 1 hypertensive) women were much higher compared with women who had a normal baseline blood pressure. The findings of the study also highlight the importance of controlling obesity in pre-hypertensive middle-aged women in the primary prevention of hypertension.
